In our previous study, PevD1 was characterized as a novel protein elicitor produced by Verticillium dahliae inducing hypersensitive response (HR) and systemic acquired resistance (SAR) in tobacco plants; however, the detailed mechanisms of PevD1's elicitor activity remain unclear. In this study, five mutant fragments of PevD1 were generated by polymerase chain reaction-based mutagenesis and the truncated proteins expressed in Escherichia coli were used to test their elicitor activities. Biological activity analysis showed that the N-terminal and C-terminal of PevD1 had distinct influence on HR and SAR elicitation. Fragment PevD1 N98, which spans the C-terminal 57 amino acids of PevD1, was critical for the induction of HR in tobacco plants. In contrast, fragment PevD1 C57, the N-terminal of 98 amino acids of PevD1, retained the ability to induce SAR against tobacco mosaic virus (TMV) but not induction of HR, suggesting that the induction of HR is not essential for SAR mediated by PevD1. Our results indicated that fragment PevD1 C57 could be a candidate peptide for plant protection against pathogens without causing negative effects.
Introduction
In nature, plants undergo continuous exposure to various potential stresses caused by pathogens. To survive under such conditions, various mechanisms have evolved in plants to defend against the incursion of pathogens. These include constitutive chemical and mechanical barriers as well as with inducible defense systems (Bruce and Pickett, 2007) . Recognition of the pathogen or other foreign material is central for plants to initiate defense responses to reduce damage. During plant-microbe interactions, many molecules produced and released by pathogenic microorganisms, so called elicitors, are thought to have significant roles in signal exchange between plants and pathogens (Mishra et al., 2012) . Elicitors belong to a diverse range of molecular types, including proteins, peptides, glycoproteins, lipids, and oligosaccharides. Diverse plant defense responses induced by elicitors include cell wall strengthening, production of phytoalexin, reactive oxygen species (ROS), extracellular alkalinization, ethylene biosynthesis, expression of pathogenesis-related (PR) proteins, and induction of cell death (hypersensitive response, HR) Miyata et al., 2006; Wang et al., 2012) . These defense responses are first expressed in the cells located at the site of infection and then extended to non-infected cells, leading to whole plant immunity, called systemic acquired resistance (SAR) that is effective against a broad-spectrum of pathogens (Durrant and Dong, 2004) .
Many elicitors have been isolated and have shown various effects on plant's resistance to pathogens and development. For example, Harpin proteins are multifunctional protein elicitors produced by Gram-negative plant pathogenic bacteria (Wei et al., 1992; Zhang et al., 2011a) . Exogenous application or transformation of Harpin-encoding genes could induce SAR and enhance tolerance to a range of stress in plants (Oh and Beer, 2007; Ren et al., 2008; Shao et al., 2008; Zhang et al., 2011b) . Over expression of a flagellin gene in rice triggers immune responses and confers improved resistance to blast in transgenic rice (Takakura et al., 2008) . When an elicitor-encoding gene PemG1 from Magnaporthe grisea was introduced into rice, the expression of defense-related genes for phenylalanine ammonia-lyase and praline content was triggered and the plants showed enhanced resistance against M. grisea (Qiu et al., 2009) .
Previous studies have demonstrated that individual portions of some elicitors are responsible for several phenotypes elicited by their full-length proteins. NPP1 is an elicitor purified from Phytophthora parastitica. Structure-activity relationship studies revealed that two cysteine residues were critical for its ability to trigger phytoalexin production and cell death in parsley protoplasts and necrotic lesion formation in tobacco leaves (Fellbrich et al., 2002) . In the interaction of cultured parsley cells with a 42 kDa cell wall glycoprotein elicitor from the soybean pathogen Phytophthora sojae, a peptide of 13 amino acids (Pep-13) was necessary and sufficient to elicit the biosynthesis of ethylene and phytoalexins (Halim et al., 2004) . The elicitor activity of flg22 would be completely abolished by removal of the Leu residue present at position 12 of flg 15, or strongly decreased with replacements of the two Asp residues or the Gly residue in the center of flg 15, indicating the critical roles of these residues involved in the elicitor activity of flg 22 (Felix et al., 1999; Asai et al., 2002) . Deletion analyses of Hpa1 Xoo of Xanthomonas oryzae pv. oryzae indicated that the 12 highly hydrophilic amino acids that partially overlap the N-terminal ˛-helix were critical for the elicitation of HR activity in tobacco (Felix et al., 1999) . Similarly, the fragment responsible for HR induction on tobacco was also resided in the N-terminal ˛-helix motif of the HpaG harpin, from Xanthomonas axonopodis pv. glycines (Kim et al., 2004) . However, Alfano et al. (1996) found that both the N-terminal 109 amino acids and the C-terminal 216 amino acids of the HrpZ harpin, from Pseudomonas syringae pv. syringae, possess the ability to induce HR, implying that multiple functional domains existed in HarpZ. The fragment HpaG 62-137 , which spans amino acids 62 to 137 of the HpaG harpin, from Xanthomonas oryzae pv. oryzicola, induced more intense HR than that of its parent protein HpaG Xooc ; in contrast, the fragment of HpaG 10-42 , consisting of amino acids 10 to 42 of the HpaG harpin, is most active in promoting plant growth and defense both in nursery and field conditions (Chen et al., 2008a,b) .
Verticillium dahliae Kleb. is a phytopathogenic fungus that causes a serious wilt disease in a wide range of crops, including many economically important ones (Fradin and Thomma, 2006) . Many molecules purified from V. dahliae culture fluids have behaved both as defense elicitors and (or) pathogenicity factors Yao et al., 2011) . Previously, we reported the isolation of a secreted protein elicitor PevD1 from V. dahliae, which could trigger HR and induce SAR to tobacco mosaic virus (TMV) in tobacco (Wang et al., 2012) . By homology search against protein sequence databases, the amino acid sequence of PevD1 does not share significant homology with other known proteins, and it is unclear whether there are functional regions that reside in PevD1 responsible for eliciting different plant phenotypes, such as HR and SAR. In this study, five mutant fragments of PevD1 were generated by polymerase chain reaction-based mutagenesis and their elicitor activities were tested and compared. We demonstrate that C-terminal and N-terminal of PevD1 were responsible for inducing HR and eliciting SAR for resistance to TMV in tobacco, respectively. Their characteristics, activities and future applications were also discussed.
Materials and methods

Nucleic acid manipulations and plasmid construction
Standard methods were used for DNA cloning, restriction mapping, and gel electrophoresis (Sambrook and Russell, 2001) . For the expression of wild-type and truncated forms of PevD1, DNAs encoding the fragments shown in Fig. 1 were amplified by PCR from plasmid pMD18-T-PevD1 (Wang et al., 2012) . Primers used in the vector construction are listed in Table 1 . The PCR products were cloned into pMD 18-T simple vector (TaKaRa Biotechnology Co., Ltd., Dalian, China) for sequencing analysis. Subsequently, the mutated target DNA fragments were excised from pMD 18-T simple vectors by Nco I-EcoR I digestion and cloned into the corresponding sites of pET30a(+) vector (Novagen) to reserve the upstream histidine tag (His-tag) close to T7 promoter; the downstream His-tag was excluded by adding proper stop codons in the primers. 
Expression and purification of PevD1 and its deletion fragments
All the engineered vectors constructed above were transformed into E. coli BL21 (DE3; Novagen) to produce protein preparations, termed cell-free preparations. Strains harboring wild-type and each mutant clone were grown in Luria broth (LB) with kanamycin at 50 g/ml, and the overnight cultures were diluted 100-fold in LB induced for 3 h by the addition of 0.5 mM IPTG (isopropyl ␤-d-thiogalactopyranoside). BL21 cells containing only the empty pET30a(+) vector were grown similarly to produce an inactive protein preparation, termed cell-free empty vector preparation (CEVP), which was used as the control. Cell-free preparations were harvested by centrifugation and disrupted with an ultrasonic disruptor. Concentrations of the proteins were estimated as described previously (Liu et al., 2006) . The purification and detection of the proteins were conducted according to the method described by Wang et al. (2012) .
Hypersensitive response (HR) assays
Seedlings (7-8 weeks old) of tobacco plants (Nicotiana tabacum cv. Samsun NN) were used for the hypersensitive response (HR) assay. For macro-HR induction, wild-type and mutant PevD1 proteins were infiltrated into tobacco leaves at 1 M with a syringe without a needle. Visible HR was observed 24 h post treatment (hpt). For micro-HR observation, in situ evaluation of cell death was performed using vital dye trypan blue as described previously (Peng et al., 2004) . Hydrogen peroxide (H 2 O 2 ) accumulation was detected by in situ staining with 3,3-diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis) according to the method described previously (Chen et al., 2012) . Cleared leaves for cell death and H 2 O 2 accumulation were observed under an Olympus Stereoscope SZX-9 (Olympus America Inc., Melville, NY, USA).
Tobacco TMV resistance assays
Infection of tobacco plants by TMV was investigated by established methods (Wang et al., 2012) . The fourth and fifth leaves of tobacco were infiltrated with protein solutions at the concentration of 1 M. TMV inoculation was performed 3 days post treatment (dpt) by gently rubbing the sixth leaves of tobacco plants with 200 l of the viral suspension (12 g/ml) containing Carborundum. The number and size of necrotic lesions induced by TMV infection were recorded 3 days after inoculations as described previously (Wang et al., 2012) . The percentage inhibition of lesion formation was calculated using the equation: Inhibition (%) = [1−(number (size) of lesions on treatment leaf/(number (size) of lesions on control leaf)] × 100%. All experiments were repeated three times with 10 plants per replicate.
RNA extraction and RT-PCR analyses
Total RNA was extracted from 250-mg tobacco leaves using the TRIzol reagent (Invitrogen, USA). Prior to cDNA synthesis, RNA was treated with DNase (TaKaRa Biotechnology Co., Ltd., Dalian, China) to remove possible DNA contamination. Reverse transcription was performed in 20 l reactions containing 1 g total RNA according to the manufacturer's instructions (RT-PCR kit, Promega, Madison, WI, USA). After 10-fold dilution, 1 l of the RT products was used as a template in PCR amplification. To quantify the expression level of target genes, the tobacco Actin gene was selected as an endogenous control in the RT-PCR assays. 
Results
Mapping of PevD1 regions required for HR induction in tobacco plants
To determine whether there are regions in PevD1 critical for the induction of HR in nonhost plants, we constructed five truncated PevD1 deletion fragments and their abilities to induce HR in tobacco plants were tested and compared with that of wild-type PevD1. Both full-length and series deleted mutant PevD1 fragments were generated using conventional PCR protocols with PevD1 as the template. The primers used in the vector construction are listed in Table 1 . After confirmed by DNA sequencing, all the gene fragments were excised from pMD 18-T simple vectors by Nco I-EcoR I digestion and cloned into the corresponding sites of pET30a(+) vector to generate PevD1, PevD1 C23, PevD1 C47, PevD1 C57, PevD1 C88 and PevD1 N98, respectively (Fig. 1A) .
3.2. All the resulting plasmids mentioned above were transformed into E. coli BL21 (DE3) and induced for protein expression After analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), cell-free preparations of wild-type and mutant PevD1 fragments were first tested for their ability to induce HR in tobacco leaves. As a negative control, cell-free empty vector preparation (CEVP) was similarly prepared from E. coil cells that only contained the pET30a (+) vector. To consider individual variation between different plants and leaves, the infiltration site for each sample was taken from the adjacent intercostals areas of the same source leaf. As shown in Fig. 1B , PevD1 C23, PevD1 C45 and PevD1 N98 had elicitor activity equivalent to that of the wild-type PevD1, however, no HR traces were observed in the panels infiltrated with PevD1 C57, PevD1 C88 and negative control CEVP. These results indicated that the C-terminal 57 amino acids of PevD1 might critical for the induction of HR in tobacco.
To further confirm the ability of N-and C-terminal fragments of PevD1 in induction of HR, His-tagged PevD1, PevD1 C57 and PevD1 N98 were expressed in E. coli and the recombinant proteins were then sequentially purified over a HisTrap HP affinity column, a Resource Q column and a Superdex-200 column. High purification of wild-type, N-terminal 98 amino acid and C-terminal 57 amino acid of PevD1 fragments were harvested and differed sharply in molecular mass on SDS-PAGE ( Fig. 2A) . HR was tested by infiltrating leaf intercellular spaces of tobacco plants separately with solutions of these proteins. Both PevD1 and PevD1 N98 elicited HR in tobacco leaves when infiltrated into leaves at a concentration of 1 M. However, similar to CEVP, PevD1 C57 failed to induce HR, even at a concentration of 10 M (Fig. 2B) .
In a parallel experiment, the micro-HR in tobacco leaves corresponding to macro-HR was further visualized with Trypan blue, a dye that specifically stains dead cells. As shown in Fig. 3 , the PevD1 N98 protein induced cell death similar to that induced by the wild-type PevD1 protein. In contrast, the CEVP control and PevD1 C57 resulted in no obvious cell death. These results further confirmed our hypothesis that the C-terminal 57 amino acids of PevD1was responsible for the induction of HR in tobacco.
As reactive oxygen species (ROS) are important components in regulating cell death in the HR with accumulation of H 2 O 2 (Wohlgemuth et al., 2002) , the H 2 O 2 production was also monitored in leaves by staining with 3 3-diaminobenzidine (DAB), a histochemical reagent that polymerizes and turns brown in the presence of H 2 O 2 . At 8 h post treatment, the effects of infiltration of each solution protein were evaluated. As shown in Fig. 4 , substantial H 2 O 2 accumulated in leaf cells following the treatment of PevD1 or PevD1 N98 compared with that of PevD1 C57 or CEVP.
The HSR203 and HIN1genes are molecular markers of HR (Liu et al., 2006) . RT-PCR was conducted to study whether the HR induction was coincident with the gene expression in the treated leaves (Fig. 6A) . With the tobacco Actin gene as a control, the RT-PCR results showed that infiltration of PevD1 or PevD1 N98 into the tobacco leaves induced accumulation of HSR203 and HIN1 transcripts, while leaves treated with CEVP or PevD1 C57 showed no accumulation of these mRNAs. 
Mapping of PevD1 regions required to induce SAR in tobacco plants challenged with TMV
Considering fragments PevD1 C57 and PevD1 N98 differed significantly in their inductive effects on HR in tobacco, we next tested the two mutant fragments and wild-type PevD1 for their functions in induction of SAR to TMV in tobacco. On tobacco leaves, numbers and sizes of lesions caused by TMV greatly varied with different treatments, as observed at 3 days after treatment (Fig. 5) . There was a clearly enhanced resistance against TMV infection observed in the nontreated upper leaves after the lower leaves injected with PevD1 or PevD1 C57. Relative to the CEVP control, the lesion number and size of leaves treated by PevD1 decreased by 49.17% and 25.18%, while PevD1 C57 by 42.50% and 21.58%. There was no significant difference in TMV lesion number and size between CEVP-and PevD1 N98-treated plants ( Table 2) .
Expressions of the tobacco SAR pathway genes NPR1 and PR1a were also tested in response to treatment with different proteins. RT-PCR analyses, conducted using Actin as a standard, indicated that expressions of NPR1 and PR1a in untreated tobacco leaves were markedly induced when lower leaves were treated with PevD1 or PevD1 C57. In contrast, NPR1 and PR1a genes were not detected after treatment with CEFV or PevD1 N98 (Fig. 6B ).
Discussion
As an alternative, nonconventional and ecologically friendly approach for plant protection, elicitors have attracted considerable attention and research effort in recent years (Mishra et al., 2012) . Many beneficial effects, such as resistance to pathogens and pests, stimulation of plant growth and drought tolerance, and improvement of grain yield could be induced by the application of elicitors to plants (Chen et al., 2008a; Wang et al., 2012) . Meanwhile, localized hypersensitive cell death (HCD) that accompanies the hypersensitive response (HR) in plants, which increases photosynthesis and respiration without contributing to plant growth and productivity, also occurred in response to elicitor treatment (Kim et al., 2004) . Studies on structure-function relationships of elicitors indicated that special regions of elicitor proteins are responsible for different phenotypes elicited by full-length proteins Engelhardt et al., 2009 ). Thus, characterization and understanding the association between elicitor fragments function and plant response will help to design novel elicitors and facilitate their beneficial use in crop protection (Chen et al., 2008b; Che et al., 2011) .
We previously reported the isolation of a novel protein elicitor PevD1 from Verticillium dahliae. Recombinant PevD1 has the ability to induce HR and SAR to TMV in tobacco plants (Wang et al., 2012) . Analysis of the deduced amino acid sequence suggested that PevD1 does not share significant homology with other known proteins, and the detailed mechanisms of HR and SAR induction by PevD1 in tobacco are still unclear. In this study, the ability of the wild-type and five mutated PveD1 proteins to induce HR and associated defense responses were investigated. The results showed that the N-terminal and C-terminal of PevD1 have distinct influence on elicitor activity. Both the partially purified protein preparation and purified protein test showed that the C-terminal 57 amino acids of PevD1 (PevD1 N98) are critical for the induction of HR in tobacco. Similar to PevD1, both macro-HR and micro-HR could be observed after PevD1 N98 infiltrated into tobacco leaves (Fig. 1B and Fig. 2B ). This cell death was accompanied by ROS and enhanced expression of HIN1 and HSR203 genes (Fig. 4 and  Fig. 6A ). In contrast, the further C-terminal deletion of this fragment (PevD1 C57) resulted in the complete loss of the related response in tobacco leaves as that of PevD1 N98 (Fig. 1B and  Fig. 2B ). Previous researches indicated that HR induction activity resided in different regions of the elicitors. The 109 N-terminal amino acid residues and 216 C-terminal amino acid residues of HrpZ from Pseudomonas syringae pv. syringae were sufficient to elicit an HR response in tobacco (Alfano et al., 1996) . While the active domains for HR elicitation in harpin Psph from Pseudomonas syringae pv. phaseolicola (Lee et al., 2001) and HpaG from Xanthomonas axonopodis pv. glycines (Kim et al., 2004) only reside in the C-terminal and N-terminal, respectively. Based on the results showed in this study, the HR induction activity of PevD1 likely to be resided in the C-terminal 57 amino acids. Furthermore, there appears to be a positive correlation between the ˛-helical feature of active domains and their HR elicitor activity (Kim et al., 2004; Wang et al., 2008) . There is a putative ˛-helical structure of 9 amino acids (H 2 N 99-YEFALSLYH-107 COOH) involved in PevD1 N98, and whether this ˛-helical region is important in HR elicitation still needs to be confirmed.
Although the N-terminal 98 amino acids of PevD1 (PevD1 C57) were devoid of the HR-inducing activity, this mutation was invariably in induction of SAR to TMV infection in tobacco leaves as wild-type PevD1. As shown in Fig. 5 and Table 2 , the number and diameter of TMV lesions in SAR leaves of PevD1-and PevD1 C57-treated plants were lower than that of CEVP and PevD1 N98, and there was no significant difference between CEVP and PevD1 N98. Furthermore, the expression of tobacco SAR pathway genes NPR1 and PR1a could be induced strongly in the upper untreated leaves after treatment with PevD1 and PevD1 C57, while no expression was observed in the tobacco leaves regardless of whether it was treated with CEVP or PevD1 N98 (Fig. 6B) . These results showed that the N-terminal of 98 amino acids of PevD1 was responsible for the induction of SAR against TMV in tobacco plants. Previous studies showed that the performance of HR and SAR occurred separately and induced by different domains of elicitors (Chen et al., 2008a; Wang et al., 2008) . The data presented in this study are consistent with early findings which indicated that the phenotypes of HR and SAR were only induced by the C-terminal or N-terminal portion of PevD1 separately, and the HR (or SAR) induced by PevD1 is not accompanied by the development of SAR (or HR).
In summary, the peptide PevD1 N98 from the C-terminal portion of PevD1 is an independent functional element for HR inducing in tobacco leaves, while the peptide PevD1 C57 from the N-terminal portion retained the ability to induce disease resistance in tobacco without injuring plants through the development of HR. Considering the putative deleterious effects of HR on plant growth, the peptide PevD1 C57 might be a better choice than PevD1 for its future practical application. These results further enhance the understanding of the structure-function relationships of PevD1 and also provide new possibility of its application in plant protection against infection by pathogens. Besides, previous research showed that novel molecules could be generated by combining the amino acid sequences of two peptides to show the synergism of both peptides and be used in plant protection (Che et al., 2011) . We assumed a chimeric protein consisting of PevD1 C57 and HpaG 10-42 , which consisting of amino acids 10 to 42 of the HpaG Xooc from Xanthomonas oryzae pv. oryzicola and has the most activity in promoting plant growth and defense (Chen et al., 2008a) , might show more defense ability in vitro and in transgenic plants. Such studies are underway in our laboratory.
